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14icrostructural Aspects of Spallation in Copper

A. K. Zurek and C. E. Frantz, Los Alamos National Laboratory, Los Alamos,
New Mexico, U.S.A., 87545

Introduction

Compressive shock waves, used extensively in a rwmber of experimental areas,
result in a specific kind of fracture called a span, which is caused by
development of tensile stresses during the interaction of opposing release
waves. illcopper, ductile tensile failure is generated under an explosive
pulse load (l-3), but the stress at which this material fails depends on its
preconditioning, which has determined its grain size, and its purity, and on
its prior shock state of deformation (4-8).

The metallurgical aspects of copper spalling and crack or void initiation
sites, the effects of grain size and substructure, and the micromechanical
aspects of growth and coalescence have not received the detailed attention
that other deformation phenomena have received. The most complete accounts
of metallurgical effects to date are those provided by Shockey et al. (7) in
1973 and by Curran and Seaman in 1987 (9), and even thesr do not cover all of
the variables mentioned above.

The present work W]S stimulated by the observation that under identical shock
loading conditions the span strength of copper can vary between 0.4 to
2.4GPa -- an unusuclly wide range -- merely as a result of changes in its
rnicroslrructure.

Examples of fracture morphology are presented and possible micromechanics of
fracture resulting from different microstructurcs are discussed. Finally,
the implicaticr,s of’these observations on modeling ar~ presented.

Experimental Method—.

Disc specimens cut from bars of 10100 Cu and 99.95%-conunercial purity (ETP)
Cu, annealed to give average grain sizes of 200 and 40 wn, respectively, were
subJected to planar impact in a 40 nwn gas gun. lhe specimen and flyer
geometries and dimensions arc shown in Fig. 1, All specimens were impacted
with a flat flyer al velcxitins of approximately 425 m/s, producing a shock
wave of U GPa pressure and 1 vs duration. To obtain a flat-on-impact, the
specimens wf’realigned with a laser beam, iitlhthe gun system was evacuated ai
the time of impact. Impacted specimens were recovered using a specially
designed soft rccnvery catcher tank to cnsurn minimal dmage to the fracture
surfaces (10)0 The ultrasonically cleaned span surfaces and cross sections
of these span surfaces wcro examined by stmrco-scanning electron microscopy.
Cross sections of span surfaces wore obtained by sectioning samplcg in half
and electropolishing the cut surfaces whil~! the actual span fracture surface
was carefully preserved using microstop, Irle~ch test, impact pressure and
span strength were measurwl using two manganin gauges in separate pulsed
Whcatst.one bridge circuits in conjunction with a specially deslgrwl drlayed
triggering systcm to cnsuru tihigh signol-to-noise ratio. A typical observed
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stress history is shown in Fig. ‘2, where resistance, R , is related to the
impact pressure, and span strength is related to ~sistance, R2 (11).
Table 1 presents the average span strength for each condition of the
coppers.

COPPER GRAIN SIZE [Nm] SPALL STRENGTH [CPa]

10100 40 2.4
200 1.5

COMMERCIAL 40 1.5

COPPER 200 ()./,

TABLE I. tleasured Span Strength Using Manganin Gauges
vs. Copper purity and Grain Size

>all Fracture of Hiqh-Purity Copper

The span strength of high-purity 10100 copper ranges from 1.5 t~ 2.4 GPa and
d(’pends on the grain size. The small-grained 10100 Cu showed the highest
span strength, 2.4 GPa, while copper with 200 Pm grains spalled at a 1.5 GPa
tensile stress. The span of 200 Pm grain 101.00 Cu occurs primarily ~long
the grain boundaries as is shown (Fig. 3) on the crnss-sections’l view of th~
span surface, The grain boundary voids grow and coalesce to form what
appear to be large facets around isolated islands of trans’r.anular
microvoids, as shown in Fig. 4. This planar, tiansgranu ’,lrvoiding !Fiq. 5)
is ~ntirely homogeneous, res~mbling the homogeneous, s;nglr-crystal vo’iding
reported in the early 1970s by Stevens et al. (12). In each spherical void
there is an octahedral-shaped feature, most likel,y the void nucleation site.
No other defcrm~tion except the grain boundary voiding and tri:nsgrnnular
micrnvoiding is observed on either the cross-section view or the Jctual sp,~ll
surface,

TIIc span surface view (Fig, 6) of the 40 ~m grain 10iOO coppor i$ very
simililr to that of 200 urn grain material. However, no obvious I’act!tsar[’
proscnt; consequently, the span surface is smoother. The cross sr,ct,ionof
the fracture surface revealed slip bands and twins within sinqlc grains,
which are evidence of large deformation (Fig.,7). The transn;isslon eluctron
microscopy obtained from the cross section of the region just under the span
surfncc confirmed the presence of twins, slip bands, and additional
dislocation cells and dislocation tangles. Voids arc formn[l at, t,ho
cross slips of deformation bands, Only occasionally, when a larql!qrain is
rmcnunt~!red, dots voiding procccd ~lOIIg the houndarics of the yrnin, ti~shown
illFf!l./,



Span Fracture in Commercial-Purity Copper

The span strength of commercial-purity copper is appreciably lower than that
of high-purity oxygen-free 10100 copper and ranges from 0.4 GPa for larce
grain size tc 1.5 GPa for small grain size. The CUO inclusions in this
material are relatively randomly distributed. However, occasional clustering
is also found. In both 40 ~m and 200 ~m grain material, voiding occurs
mainly around the inclusions (Fig. 8). Void size as well as distribution
correlates with the distribution of the particles. The fracture surface is
smooth and no facets are present, Fig. 9. Cross sections show that indeed
voiding is as random as the distribution of particles. However, final span
fracture follows the shape of the deformation cells (Fig. 10), which is very
clearly observable in stereo imaging in contrast to planar projection.

Discussion

Several attempts have been made to model dynamic fracture, particularly the
sp?llation process in ductile material. McClintock (5) models the span
fracture by hole growth, where parameters such as dislocation viscosity,
adiabatic heat generated locally at shock, thermal diffusivity, and
mechanical inertia play important roles in the model. He discusses the
different roles of parameters at different load intensities in such materials
as Cu, Al, and Fe alloys. Jones and Dawson (6) discuss in a qualitative
mdnner the influence of metallurgical parameters such as dislocation
densities, stacking Fault energies, and the state of precipitation on the
dynamic fracture. They show that when the dislocation density increases, the
dynamic fracture strength of ductile material increases while total induced
strain decreases. Decreasing the stacking fault energy by alloying (for
instance Cu with Al 7%) also increases the dynamic fracture strength and the
twin density resulting from the impact. They also observed an increased
level of span damage with increasing aging time, which controls the state of
precipitations in the material. Shockey et al. (7) analyzed qualit:i~~:~
the influence of microstructural features on dynamic fracture.
et ~1. (3) reported an inverse relationship between the purity of copper and
its final span strength. Their experiments were performed on slightly
larger samples and at much lower stresses which would lead to lower strain
rates. Thcs~ conditions apparently changed the span mechanism from that
obsurvcd in our experiments. Additionally, their samples were cut from
roll~d material, and the final fracture surface was significantly influenced
by prior sample rolling.

[n our work we limited the number of material parameters to very basic ones,
grain size and purity, while keeping the shock parameters constant. We hope
this approach simplifies the problcm enough to facilitate some basic
undrrst.anding and consequently mod~ling of spalling.

The obscrvdtions made in our experiments are generally consistent with those”
previously reported (1,7), but contain important additional information. For
uxamplc. the span strength in the void growth model used by Johnson (13) to
reprosmt thr tensile fracture behavior of OFHC copper (2) is given by

Equ, 1



where Y is the elastic-plastic flow strength of the material surrounding the
growing voids and $ is the initial porosity: Y = 0.25 GPa and $ = 0.0003
for copper. This g~ves a = 1.4 GPa, in near agreement with the measured
value of 1.5 GPa for cormne;cial copper (40 ~m grain size). The void-growth
model assumes the pre-existence of a small amount of porosity from which the
spherical voids grow.

The experimental data presented here exhibit several additional important
rules. The first is that standard copper, containing numerous CUO
inclusions, fractures by means of void growth from pre-existing sites, i.e.,
the span is void-growth and coalescence controlled. This material should
then be adequately represented by the simple void-growth model. The effect
of grain size enters in Equ. 1 through the flow strength Y which vary with
grain size. However, the flow-stress variation with grain size is expected
to be much less than the ratio of the span strength measured experimentally.
Hence, the theoretical variation in span strength is only qualitatively
correct.

In the case of pure (10100) copper, the fracture process is more complicated.
We believe that especially in the case of 200 ~m grained 10100 Cu, the span
is controlled by void nucleation. There is also competition between void
growth orig~nating from grain boundaries and from voids nucleated (apparently
homogeneously) within individual crystal grains. Initial void formation
occurs by diffusion of vacancies along the grain boundaries rather than via
inner grain diffusion [14). That is, the vacancies for void growth are
produced by the tension across the grain boundaries rather thrn by deforma-
tion inside the grain. This mechanism is consistent with the observation
that the grains did not show any deformation and suggests that the creep
mechanism is responsible for the grain boundary void formation ‘n 200 ~m
10100 cu. The homogeneous nucleation across the grains is similar to that
described by Stevens et al. (12), where dislocations initially slip along
(111) crystal planes to form octahedral features, and then voifl growth
proceeds in a less stable manner to form the usually observed spherical
ductile dimples. The magnitudes of the relative contributions from both
nucleation mechanisms to the overall fracture process depend on the grain
size: for small grains the crystalline contribution becomes more important.
A spallation model for this material would require the surrnnationof two terms
to the void-growth-r~te expression:

d@/dt = d$g/dt + d4h/dt v Equ. 2

with $ and oh being porositics arising from grain boundary and homogeneous
contri~tiorls, respectively. In this model, the initial porosity associated
with the grain boundaries is assumed to bc prc-existent while the crystalline
contribution nucleated according to an expression of the form

dN/dt ~ ~. exp(lo]/oo) Equ. 3

where u is the tensile stress component and N and o are constants. Tho
eaperimellts here show t.hal the gt’ain boundary cot~tr?lmtiol]to spallation
increases with increasing qrain size (the 200 Um mnteria’1 shows IIlower span
strength), and this would ,IISOhavo to be accounted for.



The behavior of pure copper is clearly more complicated than that of standard
copper containing CUO impurities. It is only through careful pre- and
post-shot microscopic examination that the individual contributions can be
uniquely determined.
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Fig. 1.: SPi.mn and flyer plate -tries and dimnsions: (1) and (7)
are the copper sanq?leand the copper flyer plate, reaavely; (2) ..

ard (3) are the cqpr guarding rhgs designed to trap radial
release waves. (4) and (5) are plmiglas backing plates betwen
which manganin gauges (6) are sandwiched.
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Fiq. 3: cross-sectionalview of E’iq.4: Span surface of 200 m

200 m grain 10100 CU. Note WC qrain 10100 01. Iklrgc!facets

qrain boundary voiding. Ttw Actual ‘areclcc~rl.~visihlc aro~cl trarb.-

SIW11 surfaw runs vertically on the qranular mxrovoids.
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Fig. 7: Cross-w:ctinnal viw of Fig. 8:
40 m grain 10]ofi(hI, Shw, are

Span surface of 200 m

grain ccmmwrcial~cop~r. Sh~ ——
deformation cell:;with slip brmds are spherical voids wit. CUO inclll-
.ti twins and voidinclalorq the siolw in their centers.
grain boundap~ d d large grain.
The span surtac(~runs vertically
on the right-h~u~[is!dc o tic
micrcqraph.

)Jiq. !3: IA3+md[lr~i [ ictnt ion d spa11 l’.if,~.10: Cros:;-scctiondlview of
fraclur[?SU1-lilC() ot” 40 m qr.~irl

.F

200 m grdin ccxmncrrial ~ —
ccmm!rc,i,al (), [’()])[x’r. ___ C’o])p’r . The spiI 11 surf acc rum

t.qy~i(.:ll ly 011 tlIe 1uft-hand side CIl-
the mi(;t-or]rdph.


